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Angular Rotation of 2-nodes tether during orbit at specific initial inclination
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Normalised Instant Thrust (F/Fn) for M=0.01 Reference Metastructure for Orbit altitude 1,000 km
























































































































Impulse history for Reference metastructure for 0.01 kg and 0.001 N
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RMS Position Error for Reference Structure, M=0.01 kg
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Variation of controller error for various values of Emax

























































Variation of Error for two superimposed patterns
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Convergence of Interferometer structure with various baseline change from 10/10th 


















































































Convergence  of Interferometer basic structure, M=0.1 kg

































































































































































































































































































































Interferometer Sensor position, unit pattern, 1 Global cell
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Interferometer Sensor position, unit pattern, 1 Global cell and only 5 cells













































Convergence of extreme nodes for varying number of successive patterns
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Distance from centre (m)
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Average error per microcell






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Thrust history for reference structure (M=0.1 kg and T=0.001 N) for varying numerical time steps





































Thrust history for reference structure (M=0.1 kg and T=0.001 N) for varying numerical time steps

































Impulse history for reference structure (M=0.1 kg, T=1 mN) for varying numerical time steps
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2D Control using On-Off Controller
Without initial speed and Initial speed compensation


















































































































































Angular Rotation of 2-nodes tether during orbit at specific initial inclination















































































































































































































































































Top node angular dynamics for 3-nodes tether





























Top node angular dynamics for 5-nodes tether





























Top node angular dynamics for 5 nodes tether with further inclination of top node of 30 degrees















































































































Variation of Results with Numerical Parameters (Left Node convergence)
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LUNAR SOLAR POWER SYSTEM FOR ENERGY PROSPERITY WITHIN THE 21ST CENTURY
1. Introduction
2. LSP demonstration base
3. Rectennas and energy delivery on Earth




LUNAR SOLAR POWER SYSTEM FOR ENERGY PROSPERITY WITHIN THE 21ST CENTURY
Dr. David R. Criswell
Institute for Space Systems Operations, University of Houston
Houston, TX U.S.A.
1. Introduction
Approx im ately6 k Wt/person or, eventually, 2 k We/person can enable energy prosperity. Note that "t" refers to therm al
energy and "e" to electric energy. For a population of 10 billion people, anticipated by 2050, this im plies 6 0,000 GWt
or 20,000 GWe. For purposes of discussion, assum e that power usage continues to be high to 2070. From 2000 to
2070 the world would consum e approx im ately 3,000,000 GWt-Y or 1,000,000 GWe-Y of energy [1, 2, 3, 4]. It is highly
unlik ely that conventional fossil, nuclear, and terrestrial renewable power system s can provide the power needed by
2050 and the total energy consum ed by 2070. They are restricted by lim ited supplies of fuels, pollution and wastes,
irregular supplies of renewable energy, costs of creating and operating the global systems, and other factors.
It is technically and econom ically feasible to provide at least 100,000 GWe of solar electric energy from facilities on the
Moon. The Lunar Solar Power (LSP) System can supply to Earth power that is independent of the biosphere and
does not introduce CO2, ash, or other m aterial wastes into the biosphere. Inex haustible new net electrical energy
provided by the LSP System enables the creation of new net m aterial wealth on Earth that is decoupled from the
biosphere. Given adequate clean electric power, hum anity's m aterial needs can be acquired from com m on resources
and recycled without the use of depletable fuels [4, 5]. LSP power increases the ability of tom orrow's generations to
m eet tom orrow's needs, and enables hum anity to m ove beyond sim ply attem pting to sustain itself within the biosphere
to nurturing the biosphere.
Fig. 1 illustrates the essential features of the LSP System : Sun, Moon, m icrowave power beam from a power base on
the Moon, and a m icrowave receiver or rectenna on Earth. The LSP System uses bases on opposing lim bs of the
Moon. Each base transm its m ultiple m icrowave power beam s directly to Earth rectennas when the rectennas can view
the Moon. Each base is augm ented by fields of photoconverters just across the lim b of the Moon. Thus, one of the
two bases in the pair can beam power toward Earth over the entire. cycle of the lunar day and night. This version of
LSP supplies ex tra energy to a rectenna on Earth while the rectenna can view the Moon. The ex tra energy is stored
and then released when the Moon is not in view.
The LSP System is an unconventional approach to supplying com m ercial power to Earth. However, the k ey
operational technologies of the LSP have been demonstrated at a high technology readiness level (TRL = 7). TRL = 7
denotes technology demonstrated at an appropriate scale in the appropriate environment [6].
Power beam s are considered esoteric and a technology of the distant future. However, Earth-to-Moon power beam s
of near-com m ercial intensity are an operational reality. Fig. 2 is picture of the South Pole of the Moon that was tak en
by the Arecibo radar in Puerto Rico. The Arecibo beam passes through the ionosphere with an intensity the order of
20 - 25 W/m 2. The LSP System is designed to provide power beam s at Earth with intensities of less than 20% of
noon-tim e sunlight (= 230 W/m 2). Lower intensity beam s are econom ically reasonable. The intensity of m icrowaves
scattered from the beam will be orders of m agnitude less than allowed for continuous ex posure of the general
population.
Load-following electrical power, without ex pensive storage, is highly desirable. Earth orbiting satellites can redirect
beam s to rectennas that cannot view the Moon and thus enable load-following power to rectennas located anywhere





that are 200 m to 1,000 m in diameter. Redirected satellites can be reflectors or retransmitters. The technology is
much more mature than realized by the technical community at large.
Fig. 3 is an artist's concept of the new Trumpet satellite that employs a 100 m diameter reflector antenna. Trumpet is
now in geosynchronous orbit. It is operated by the U.S. National Reconnaissance Office [7]. This reflector,only a few
tons in mass,has a diameter w ithin a factor of 1 to 3 of that necessary to redirect a pow er beam to a 1 km diameter or
larger rectenna on Earth. Trumpet is reportedly similar in design to antennas planned for the Hughes commercial HS
6 01 AMPT satellites. Pow er beams and redirector satellites can minimize the need for long-distance pow er
transmission lines and their associated systems.
Alternatively,a pow er beam from the Moon can be received by a receiver satellite. The relay satellite then retransmits
new beams to several rectennas on Earth. The transmission of beams,w ith commercial level intensity in low Earth
orbit,has been demonstrated by unmanned and manned spacecraft. Fig. 4 illustrates the NASA Shuttle w ith a
phased array making a synthetic aperture radar picture of the Earth. Near the Shuttle the beam has an intensity the
order of 150 W/m2. This is well within the range for commercial transmission of power [6, 8].
Approx imately once a year the Earth w ill eclipse all the lunar pow er bases for up to 3 hours. This predictable outage
can be accommodated by pow er storage of defined capacity or reserve generators on Earth. Alternatively,a fleet of
solar mirrors in orbit about the Moon can reflect solar pow er to selected bases during eclipses and during sunrise and
sunset. These solar reflectors,actually types of solar sails,w ill be less ex pensive to build and operate than the high
precision reflectors such as in Fig. 3 [6, 7].
2. LSP demonstration base
The lunar portion of an LSP System prototype Pow er Base is depicted in Fig. 5 . A Pow er Base is a fully segmented,
multi-beam,phased array radar pow ered by solar energy. This Pow er Base consists of tens to hundreds of thousands
of independent pow er plots such as depicted in the middle to low er right portion of Fig. 5 . Each pow er plot emits
multiple sub-beams. Sets of correlated sub-beams from all the plots are phased electronically to produce one pow er
beam. A given base can project tens to hundreds of independent power beams.
A pow er plot consists of four elements. There are arrays of solar converters,show n here as north-south aligned row s
of photovoltaics. Solar electric pow er is collected by a buried netw ork of w ires and delivered to the microw ave
transmitters. Pow er plots can utilize many different types of solar converters and many different types of
electric-to-microw ave converters. In this ex ample the microw ave transmitters are buried under the mound of lunar soil
at the Earthw ard end of the pow er plot. Each transmitter illuminates the microw ave reflector located at the
anti-Earthw ard end of its pow er plot. The reflectors overlap,w hen view ed from Earth,to form a filled lens that can
direct very narrow and well defined power beams toward Earth. The Earth is fixed in the sky above the Power Base.
To achieve low unit cost of energy, the lunar portions of the LSP System are made primarily of lunar-derived
components [2,3,9]. Factories,fix ed and mobile,are transported from the Earth to the Moon. High output greatly
reduces the impact of high transportation costs from the Earth to the Moon. On the Moon the factories produce 100s
to 1,000s of times their ow n mass in LSP components. Construction and operation of the rectennas on Earth
constitute greater than 90% of the engineering costs. Upfront costs can be reduced by using lunar materials to make
significant fractions of the machines of production and support facilities. Most aspects of manufacturing and
operations on the Moon can be controlled by personnel in virtual work places on Earth [9, 10].
An LSP demonstration Pow er Base,scaled to deliver the order of 10 to 100 GWe,can cost as little as 20 billion
dollars over 10 years [2,9,11]. This assumes the establishment of a permanent base on the Moon,by one or more
national governments,that is devoted to the industrial utilization of lunar resources for manufacturing and logistics.
Such a base is the next logical step for the world space programs after completion of the International Space Station.
LSP is practical with 1980 s technology and a low overall efficiency of conversion of sunlight to Earth power of ~0.15%.
Higher system efficiencies,= 35 %,are possible by 2020,and greater production efficiencies sharply reduce the scale
of production processes and up-front costs. An LSP System w ith 35 % overall efficiency w ill occupy only 0.15 % of the
lunar surface and supply 20,000 GWe to Earth.
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There are no "magic" resources or technologies in Fig. 1 or Fig. 5. Any handful of lunar dust and rocks contains at
least 20% silicon,40% ox ygen,and 10% metals (iron,aluminum,etc.). Lunar dust can be used directly as thermal,
electrical,and radiation shields,conv erted into glass,fiberglass,and ceramics,and processed chemically into its
elements. Solar cells,electric w iring,some micro-circuitry components,and the reflector screens can be made out of
lunar materials. Soil handling and glass production are the primary industrial operations. Selected microcircuitry can be
supplied from Earth.
Unlike Earth,the Moon is the ideal env ironment for large-area solar conv erters. The solar flux to the lunar surface is
predicable and dependable. There is no air or w ater to degrade large-area thin film dev ices. The Moon is ex tremely
quiet mechanically. It is dev oid of w eather,significant seismic activ ity,and biological processes that degrade terrestrial
equipment. Solar collectors can be made that are unaffected by decades of ex posure to solar cosmic rays and the
solar w ind. Sensitiv e circuitry and w iring can be buried under a few - to tens- of centimeters of lunar soil and completely
protected against solar radiation, temperature extremes, and micrometeorites.
The United States has sponsored ov er 500 million dollars of research on the lunar samples and geophysical data
since the first lunar landing in 1969. This know ledge is more than adequate to begin designing and demonstrating on
Earth the key lunar components and production processes. Lunar ex ploration is continuing. The DoD Clementine
probe and the new NASA Lunar Prospector (http://lunar.arc.nasa.gov ) w ill ex tend the Apollo-era surv eys to the entire
Moon.
3. Rectennas and energy delivery on Earth
The Pow er Bases direct microw av e pow er beams to rectennas on Earth as show n in Fig. 1. The intensity of each
beam can be controlled to prov ide load follow ing pow er. The beams pass through clouds,rain,and dust. There is no
need for long-distance power transmission lines or indeterminately large systems to store power.
Pow er beams are assumed to hav e an intensity of about 20% that of sunlight just abov e the rectenna (~ 230 W/m2).
A few hundred meters from the edge of the rectenna the intensity w ill be 1% or less of the central intensity. Farther
from the rectenna the stray pow er of a 20,000 GWe system w ill drop in intensity to that of the light from a full moon.
LSP can be competitiv e w ith the conv entional systems ev en if the beam is operated at intensities below those allow ed
for continuous exposure of the general population (10 W/m 2 at 1.5 GHz to 100 W/m2 at 15 GHz ). The energy receiv ed
by the rectenna can be fully offset by reflecting back to space,from the area of the rectenna or elsew here,an equal
amount of low-quality solar energy. LSP energy can be environmentally neutral.
Rectennas are the major cost element of the LSP System. Rectennas w ill occupy as little as 5% of the land-area per
unit of receiv ed energy as now dev oted to the production and distribution of electricity. A rectenna can begin
outputting commercial pow er after it reaches 0.5 km in diameter. Additional construction is paid for out of current
rev enue. A rectenna of one-square-kilometer area w ith an av erage output of 180 MWe produces ev ery year the
electric energy equivalent to burning 3.3 million barrels of oil or 650,000 tons of coal in a fossil-fueled electric plant.
Rectennas can be placed v irtually anyw here on Earth. It is reasonable to situate them ov er open land that is not
used. It also appears reasonable to place them ov er agricultural land and industrially z oned property and facilities.
They w ould prov ide additional rev enue the order of 4 $/m2 -Y for pow er sold at 0.03 $/kWe-h. Rectennas can be
placed in countries or regions that do not hav e indigenous energy resources. Rectennas enable non-polluting solar
electric pow er to efficiently support recycling,use of common mineral resources,and petrochemical processing of
hydrocarbons into more valuable process chemicals and products. Rectennas provide both developed and developing
countries equal access to electric pow er for economic dev elopment and the enhancement and preserv ation of the
local environment.
Table 1 compares estimated life-cycle costs of fiv e pow er systems scaled to prov ide 1,000,000 GWe-Y of energy. The
costs are giv en in trillions (1 T = 1*1012) of U.S. dollars. The estimates are based on studies of systems utiliz ing 1990s
lev els of technology [12,13,14]. The major cost categories are capital,labor,fuel,and w aste handling and mitigation.
Thirty percent of the costs of the coal and fission systems are for regional pow er distribution systems. The terrestrial
solar photov oltaic system costs are scaled from studies of globally distributed photov oltaics linked by a global electrical
transmission system. How ev er,no pow er storage is included [15]. Both LSP Systems,pow er storage on Earth or
load-follow ing,offers enormous sav ings in the cost of production and distribution of electric pow er. The sav ings are





Cost estimates for the LSP energy are derived from systems level analyses conducted by General Dynamics on the
cost of building space solar power satellites (SSPS) from lunar materials [11, 16, 17]. For similar levels of
manufacturing and operating technologies the LSP approach is approximately 50 times more cost effective than
making SSPS from lunar materials or deploying SSPS from Earth. Lunar and space operations are a small fraction of
the LSP System life-cycle cost. For the load-following LSP System the construction and operation of rectennas on
Earth represents over 90% of the expenditures. For the LSP that uses power storage on Earth (deep pumped hydro
is assumed). The terrestrial expenditures account for over 95% of total costs [18].
4. LSP System power and economic growth
The 70 year life-cycle costs of power for an energy-prosperous world are so enormous that it is difficult to understand
their scale and significance. One method is to calculate the simple sum of gross world product (GWP) over that same
period. Assume that GWP/person is 4,000 $/person-Y over that period. The sum is 2,400 trillion dollars. Alternatively,
present economic growth of approximately 2%/Y-person sums to only 3,700 trillion dollars. Such "poor" worlds simply
cannot afford to build and operate the coal, fission, and terrestrial photovoltaic systems. Approximately 10% of GWP is
now expended on the production and consumption of commercial energy. This corresponds to 240 to 370 trillion
dollars between 2000 and 2070. These sums are much smaller than the costs of conventional systems but larger than
projected for the LSP System. A poor world must remain energy poor if it uses only conventional power systems.
However, the less costly LSP System electricity can both save money and accelerate the generation of wealth.
Between 1960 and 1986, the total electric energy Ee (Y) used every year, measured in T kWe-h, was an excellent
index of the annual GWP in trillions of dollars (T$e(Y)) in a given year "Y" [19, 12]. Equation 1 includes the annual
increase in productivity of energy Eff(Y) of approximately 1%/Y. The cost of 1,000 TWe-Y of energy delivered between
2000 and 2070 is taken to be 200 T$.
T$e (Y) = 4.3 T$ + [1.2 T$/TkWe-h]* Ee(Y) * Eff(Y) - 200T$/(70 Y) Equation (1)
Applying Equation (1) to the production of 1,000,000 GWe-Y of energy by 2070 predicts an integral net GWP ~
14,700 T$ by 2070 or 12,300 T$ more than the 2,400 T$ predicted for a "poor" world. Equation 1 also implies an
average annual income in 2070 of 36,000 $ per person. This is approximately 10 times present per capita world
income.
5. Conclusions
Enormous attention is directed to discovering and promoting "sustainable" sources of energy and seeking more
efficient means of utiliz ing conventional commercial and renewable energy. However, there are clear limits to the
conventional options. Over 4 billion of Earth's nearly 6 billion people are poor in both wealth and energy. Their
existence depends primarily on new net energy taken from the biosphere. This energy is harvested as wood, grass,
grain, live stock from the land, fish from the seas, and in many other direct and indirect products. The biosphere
incorporates each year approximately 100,000 GWt-Y of solar energy in the form of new net plant mass (algae, trees,
grass, etc.). It is estimated that humanity now directly extracts ~ 5% of that new energy and disturbs a much greater
fraction of the natural cycles of power through the biosphere. People divert almost 50% of the new solar
photosynthetic energy from its natural cycles through the biosphere [21. 22]. Humankind now collects and uses
approximately 50% of all the rain water that falls on accessible regions of the continents. Given the continuing growth
of human population, most of the fresh water used by humans will be obtained through desalination.
Human energy needs can be accommodated by approximately 6 kWt/person or in the next century by approximately 2
kWe/person [4, 23, 24, 25]. For a population of 10 billion people this corresponds to a minimum of 2,000,000 GWe-Y,
or 2,000 TWe-Y, of electric energy per century. Much more energy might be desirable.
It is widely recogniz ed that the lack of affordable and environmentally benign commercial energy limits the wealth
available to the majority of the human population [20]. However, there is almost no discussion of how to provide the
enormous quantities of quality commercial energy needed for an "energy-rich" world population. The dashed curve of
Fig. 6 depicts the cumulative depletion of terrestrial fossil thermal energy by a prosperous human population in
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tera-Watt-Y (= 1,000 GW-Y) of th ermal energy. Th ere is approximately 4,000 to 6,000 TWt-Y of economically
accessible fossil fuels. Th us, th e "Fossil" energy use stops ch anging betw een 205 0 and 2100 w h en th e prosperous
w orld consumes th e fossil fuels. Th ere are oth er sev ere fundamental problems w ith global prosperity based on fossil
fuels. For example, burning th e fossil carbon w ill increase atmosph eric CO2 by a factor of 15 or more. Economically
av ailable uranium and th orium can prov ide only th e order of 25 0,000 GWt-Y of energy. Th e doubling rate for nuclear
fuels is too long for th e breeding of adequate fuels to meet th e energy needs of a prosperous w orld by 205 0 [26].
Breeder systems w ould prov ide only th e order of 10,000,000 GWt-Y or 3,000,000 GWe-Y of energy before requiring
the use of uranium and thorium from sea water and granite at a much higher cost of process energy.
Consideration of th e LSP System is recommended by tech nical [27], national [28], and international panels [29, 30]
and scientists activ e in lunar research [30, 31, 32]. An LSP System scaled to enable global energy prosperity by 205 0
can, betw een 205 0 and 2070, stop th e depletion of terrestrial resources and bring net new non-polluting energy into
th e biosph ere. Humanity can stop extracting resources from th e biosph ere, become independent of th e biosph ere for
material needs, and h av e excess energy to nurture th e biosph ere. Th e boundaries of routine h uman activ ities w ill be
extended beyond the Earth to the Moon and a two-planet economy will be established.
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Fig. 1 LSP System (Sun, Moon, Beam, Rectenna)
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Fig. 2 Arecibo Radar Picture of the Moon





Fig. 4 Shuttle Synthetic Aperture Radar
Fig. 5 LSP System Prototype Power Base




It is technically and environmentally feasible to provide commercial solar electric power to Earth from solar power
facilities on the Moon. The Lunar Solar Power (LSP) System can supply electric energy to Earth at less than 0.01
$/kWe-h that is independent of the biosphere and does not introduce CO2, ash, or other material wastes into the
biosphere. The LSP System uses bases on opposing limbs of the Moon as seen from Earth. Each base transmits
multiple microwave power beams directly to Earth receivers called rectennas when a given rectenna can view the
Moon. Also, satellites in orbit about Earth can be used to redirect beams to rectennas that cannot view the Moon and
thus enable load-following power to rectennas located anywhere on Earth. The LSP System is an unconventional
approach to supplying commercial power to Earth. However, the key operational technologies have been
demonstrated at a high technology readiness level.
To achieve low unit cost of energy the lunar portions of the LSP System are made primarily of lunar-derived
components. Factories, fix ed and mobile, are transported from the Earth to the Moon. On the Moon the factories
produce 100s to 1,000s of times their own mass in LSP components. Construction and operation of the power
receivers on Earth constitute greater than 90% of the engineering costs. An LSP demonstration Power Base, scaled
to deliver the order of 10 to 100 GWe, can cost as little as 20 billion dollars in incremental costs over 10 years when
completed as part of a large permanent base on the Moon. Capacity can grow to 20,000 GWe within the 21st century
and eventually to greater than 100,000 GWe.
Global energy prosperity requires commercial systems that supply at least 2 kWe/person by approx imately 2050 and
approx imately 1,000,000 GWe-Y of energy by 2070. Conventional renewable and non-renewable systems cannot
achieve these goals. An LSP System can enable global energy prosperity by 2050, stop the depletion of terrestrial
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